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IL-27, a Heterodimeric Cytokine Composed
of EBI3 and p28 Protein, Induces Proliferation
of Naive CD4 T Cells
synergizes with IL-12 to induce the production of IFN-
from these cells (Robinson et al., 1997). Several lines of
evidence, however, suggest that still other factors exist
with potentially critical contributions.
Recently, a novel member of the class I cytokine re-
Stefan Pflanz, Jackie C. Timans, Jeanne Cheung,
Rency Rosales, Holger Kanzler, Jonathan Gilbert,
Linda Hibbert, Tatyana Churakova, Marilyn Travis,
Elena Vaisberg, Wendy M. Blumenschein,
Jeanine D. Mattson, Janet L. Wagner, Wayne To,
Sandra Zurawski, Terrill K. McClanahan, ceptor family was identified, WSX-1 or TCCR (Chen et
al., 2000; Sprecher et al., 1998), that showed structuralDaniel M. Gorman, J. Fernando Bazan,
Rene de Waal Malefyt, Donna Rennick, homology to members of the IL-6/IL-12 subfamily of
receptors, including IL-12R1 and IL-12R2, LIFR,and Robert A. Kastelein1
DNAX Research Institute OSMR, gp130, and G-CSFR. Mice deficient in TCCR
showed a remarkably impaired Th1 response as mea-901 California Avenue
Palo Alto, California 94304 sured by the production of IFN- when challenged in
vivo with protein antigen and were found to be much
more susceptible to infection with intracellular patho-
gens such as Listeria monocytogenes and LeishmaniaSummary
major. These data suggest that at least one additional
as yet unidentified ligand exists that, together with IL-An efficient Th1-driven adaptive immune response re-
quires activation of the T cell receptor and secretion 12 and IL-18, can act as a potent stimulator of Th1
responses.of the T cell stimulatory cytokine IL-12 by activated
antigen-presenting cells. IL-12 triggers Th1 polariza- Within the IL-6/IL-12 subgroup of class I cytokine re-
ceptors, Epstein-Barr virus-induced gene 3 (EBI3) repre-tion of naive CD4 T cells and secretion of IFN-. We
describe a new heterodimeric cytokine termed IL-27 sents a receptor with yet unknown function (Devergne
et al., 1996). EBI3 lacks a membrane-anchoring motifthat consists of EBI3, an IL-12p40-related protein, and
p28, a newly discovered IL-12p35-related polypeptide. and is predicted to be a secreted protein. Unlike WSX-
1/TCCR, which is related to the signal transducing IL-6/IL-27 is an early product of activated antigen-present-
ing cells and drives rapid clonal expansion of naive IL-12 receptors, EBI3 is related to the specificity-
determining receptors in this family, including IL-6R,but not memory CD4 T cells. It also strongly syner-
gizes with IL-12 to trigger IFN- production of naive IL-11R, CNTFR, CLF-1, and in particular the shared
p40 subunit of IL-12 and IL-23 (Oppmann et al., 2000).CD4 T cells. IL-27 mediates its biologic effects
through the orphan cytokine receptor WSX-1/TCCR. It has been reported that the p35 subunit of IL-12 can
alternatively be complexed with EBI3 (Devergne et al.,
1997), although so far no biologic function for this het-Introduction
erodimer has been demonstrated. Initially discovered
in the supernatant of Epstein-Barr virus-transformed BUpon antigen exposure through contact with cells of
the innate immune system, naive T cells undergo rapid cells, EBI3 is also expressed in vivo by activated anti-
gen-presenting cells (APCs) and at very high levels byclonal expansion and differentiation into several funda-
mental phenotypes characterized by the different ef- placental syncytiotrophoblasts.
In this report, we describe a novel family memberfector proteins they secrete (Mosmann and Sad, 1996).
To a large extent, this process is controlled by a complex of the long-chain four-helix bundle cytokines (Bazan,
1990). We show that this protein, designated p28, bindsnetwork of soluble protein factors collectively termed
cytokines. Of particular importance for this process are EBI3 to form a novel heterodimeric cytokine, which we
have named IL-27. This novel heterodimeric factor ismembers of the four-helix bundle cytokines (Rozwarski
et al., 1994). It is now well established that IL-4 predomi- expressed by APCs in the early phase after antigen-
mediated activation. IL-27 triggers rapid clonal expan-nantly directs the development of Th2 effector cells
characterized by secretion of IL-4, IL-5, and IL-13 as sion of antigen-specific naive human and mouse CD4
T cells. Moreover, it promotes Th1 polarization and IFN-an important step in fighting extracellular pathogens
(Mosmann and Sad, 1996). IL-12 is a dominant factor in production of naive CD4 T cells. These activities of
IL-27 are dependent on simultaneous T cell receptordriving the development of Th1 cells leading to secretion
of IFN-, which stimulates the immune response to erad- activation and occur in synergy with IL-12. Finally, we
show binding of the p28/EBI3 heterodimer to the orphanicate intracellular pathogens. Other factors such as IL-2
are not associated with differentiation into a particular cytokine receptor WSX-1/TCCR.
T cell phenotype but are thought to be sublineage inde-
pendent T cell growth factors. More recent data have Results
suggested a role for still additional cofactors in the de-
velopment of committed Th1 and Th2 cells. IL-18, a p28 Was Identified Computationally
member of the IL-1 family, does not drive Th1 develop- We searched sequence databases with a computation-
ment but augments IL-12-induced Th1 development and ally derived profile (Gribskov et al., 1987) of members
of the interleukin-6 (IL-6) helical cytokine family. This
search led to the identification of a novel hematopoietic1Correspondence: rob.kastelein@dnax.org
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Figure 1. Alignment of Human and Mouse p28 Protein Sequences
(A) Sequence alignment of human and mouse p28 proteins. Boxes indicate the predicted four  helices A, B, C, and D (on the basis of
secondary structure prediction and a ClustalX multiple sequence alignment). N-terminal amino acids constituting the predicted signal peptide
are underlined.
(B) Evolutionary dendrogram for members of the family of long-chain four-helix bundle cytokines, human and mouse orthologs. The dendrogram
is based on a ClustalX multiple sequence alignment. P28 is highlighted in bold characters.
cytokine (see Experimental Procedures for details). The p28 and EBI3 Form a Composite Factor
The presence of an N-terminal signal peptide suggestedcytokine was named p28 according to its apparent molar
mass as determined by SDS-PAGE. The human p28 that p28 would be secreted as a soluble factor when
expressed in mammalian cells. After HEK293T cells hadgene is located on chromosome 16p11. The p28 cDNA
sequences encode 243/234 amino acid polypeptides been transiently transfected with C-terminal e-tagged
(E) forms of mouse and human p28, only mp28-E (Figure(human and mouse, respectively; 1A) corresponding to
mature proteins with calculated molar mass of 24.5 and 2A, lane 2) but not hp28-E protein (Figure 2B, top panel,
lane 2) could be immunoprecipitated from the superna-23.6 kDa. No N-glycosylation sites are found in hp28,
but several O-glycosylation sites are predicted. Mouse tants. However, hp28-E could be precipitated from the
cellular lysates, indicating that the protein is expressedp28 contains one potential N-glycosylation site (N85).
Both human and mouse p28 display an unusual se- but not efficiently secreted (Figure 2B, bottom panel,
lane 2). The three bands visible at apparent molarquence insertion in the predicted loop region between
helix C and D. In hp28 the C-D loop contains a stretch of masses between 25 and 29 kDa most likely reflect differ-
ent O-linked glycosylation states of hp28 in the cell ly-13 glutamic acid residues; mp28 displays 14 negatively
charged residues in this region, interrupted by one lysine sates. Since mp28 was secreted, we tested either trans-
fection supernatant or purified mp28 protein in variousresidue (Figure 1A). This highly charged sequence has
not been observed in any other helical cytokine. Overall, bioassays but were unable to detect biologic activity
(data not shown). We next investigated the possibilityhuman and mouse p28 are 73% identical. An evolution-
ary dendrogram displays p28 in the context of IL-6/IL- that p28 is part of a heterodimeric factor like IL-12 (Gu-
bler et al., 1991; Wolf et al., 1991) and requires coexpres-12 cytokine family members (Figure 1B).
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Figure 2. Coexpressed p28 and EBI3 Form a Complex Allowing Secretion of hp28
(A) HEK293T cells were transiently transfected with the following relative quantities of expression plasmids: control only (lanes 1 and 5), 50%
mp28-E/50% control (lanes 2 and 6), 50% control/50% mEBI3-Ig (lanes 3 and 7), and 50% mp28-E/50% mEBI3-Ig (lanes 4 and 8).
(B) HEK293T cells were transiently transfected with the following relative quantities of expression plasmids: control only (lanes 1 and 5), 50%
hp28-E/50% control (lanes 2 and 6), 50% control/50% F-hEBI3 (lanes 3 and 7), and 50% hp28-E/50% F-hEBI3 (lanes 4 and 8). In both cases
24 hr after transfection, the cells were metabolically 35S-labeled for 16 hr, and proteins were immunoprecipitated from cellular supernatants
(A and B) or total cell lysates (B only) using protein G Sepharose-coupled anti-etag mAb (E) or flag-M2 agarose (F) or using protein G Sepharose
(Ig), as indicated. Immunoprecipitated proteins were separated by SDS-PAGE and visualized by autoradiography. The electrophoretic mobility
of molecular weight markers is indicated on the left of each panel.
(C) Schematic representation of the molecular composition of IL-27, IL-23, and IL-12.
sion of a partner protein for efficient secretion and bioac- 4). As mentioned above, mp28 could be secreted inde-
pendently of a partner protein. However, when coex-tivity. Besides IL-12, two other heterodimeric factors
have recently been described, IL-23 (Oppmann et al., pressed with a C-terminal Ig-tagged (Ig) version of
mEBI3, cellular supernatants consistently contained in-2000) and CLF-1/CLC (Elson et al., 2000). In all three
cases, secretion of the helical cytokine subunit (IL- creased levels of both secreted mp28-E and mEBI3-Ig
(Figure 2A, lanes 4 and 8). Similar to their human or-12p35, IL-23p19, and CLC) is dependent on coexpres-
sion of a soluble binding receptor (p40 for both p35 and thologs, mp28 and mEBI3 could be coimmunoprecipi-
tated as a heterodimeric complex (Figure 2A, lane 8).p19 and CLF-1 for CLC), and only the composite factor
possesses biologic activity. Hp28 was therefore coex- A small amount of mp28 migrated at a slightly lower
molecular weight. The lower band most likely representspressed with various secreted nonsignaling receptors
of the IL-6 family, including soluble IL-11 receptor, unglycosylated mp28. Note that mEBI3-Ig precipitation
in the anti-etag pull-down (Figure 2A, lane 3) is not dueCLF-1, IL-12p40, and an N-terminal flag-tagged (F) form
of EBI3 (Devergne et al., 1996). Among these molecules, to nonspecific binding of the antibody but results from
the fact that the anti-etag mAb is coupled to protein Gonly EBI3 coexpression permitted secretion of hp28
(Figure 2B, top panel, lane 4) while concomitantly reduc- beads. Protein G per se has a good affinity for the con-
stant portion of various immunoglobulins. Figure 2Cing levels of hp28-E in the cell lysates (Figure 2B, bottom
panel, lane 4). Moreover, hp28-E and F-hEBI3 were shows the molecular composition of IL-27 as compared
to related heterodimeric family members IL-12 andcoimmunoprecipitated with antibodies against either
protein tag (Figure 2B, top panel, lanes 4 and 8), indicat- IL-23.
ing that p28 and EBI3 form a soluble complex. Because
F-hEBI3 was secreted on its own and at much higher Coexpression of p28 and EBI3
in Antigen-Presenting Cellslevels than hp28-E, only a light band of p28-E was de-
tected when the immunoprecipitation occurred via EBI3 Since secretion of hp28 requires the presence of EBI3,
we have investigated where both proteins are coex-(Figure 2B, top panel, lane 8). When the complex was
immunoprecipitated via p28, equivalent amounts of pressed. Analysis of a large panel of human and mouse
cDNA libraries by real-time quantitative PCR showedEBI3 and p28 were detected (Figure 2B, top panel, lane
Immunity
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that expression of p28 and EBI3 is highly restricted. Both sandwich-ELISA, hIL-27 protein was detected in the su-
pernatants of CD40L or CD40L/LPS/IFN- activatedmRNAs are primarily found in cells of myeloid lineage.
Highest levels of human mRNAs were found in LPS- DCs. After 36 hr of stimulation, the supernatants were
harvested from the cells, concentrated 4-fold, and sub-activated monocytes and monocyte-derived dendritic
cells (DCs) (Figure 3A). A very high level of hEBI3 mRNA jected to the ELISA assay. We calculated the concentra-
tion of IL-27 to be about 0.5 ng/ml in the supernatantsbut not hp28 was seen in placenta. This observation is
in agreement with earlier reports of high levels of EBI3 of CD40L/LPS/IFN- activated DCs with a lower amount
if cells were only stimulated with CD40L (Figure 3E).protein in placental syncytiotrophoblasts (Devergne et
al., 1997). A similar pattern emerged when we analyzed
the expression profile of mouse p28 and EBI3. Highest IL-27 Specifically Acts on Naive Mouse
and Human T Cellslevels of both mp28 and mEBI3 was in activated macro-
phages (Figure 3B). Since antigen-presenting cells are To investigate the biologic effects of the IL-27 hetero-
dimer, we engineered both human and mouse solublealso the primary source of IL-12, we studied the kinetics
of production of IL-12p35, IL-12p40, p28, and EBI3 by tagged fusion proteins by flexibly linking the EBI3 chain
to the p28 polypeptide. This methodology permits con-monocyte-derived DCs stimulated with LPS. Human
monocytes, isolated from peripheral blood and stimu- venient expression and purification of a functional one-
chain cytokine (Fischer et al., 1997). Similarly, IL-12 andlated with GM-CSF and IL-4 for 6 days, were activated
by LPS for various time intervals, and mRNA levels of IL-23 fusion proteins show specific activities identical
to the native heterodimeric complexes (Anderson et al.,IL-12p35, IL-12p40, p28, and EBI3 were analyzed by
real-time quantitative PCR (Figure 3C). Despite donor 1997; Oppmann et al., 2000). We investigated the role
of IL-27 on both mouse and human CD4 T cell subsets.to donor variations in the absolute amounts of PCR
product, the kinetics recorded were consistent and re- Sorted human naive T cells (CD4CD45RA) and memory
T cells (CD4CD45RO) were stimulated with anti-CD3vealed subtle differences among the four investigated
proteins. After a short initial lag phase, message levels mAb/anti-CD28 mAb for 4 days in the presence of anti-
IL-2 mAb, and hIL-27 was titrated into the cultures.for IL-12p35 and IL-12p40 rapidly increased and consis-
tently peaked between 8 and 14 hr of LPS stimulation [3H]TdR incorporation was measured to assess prolifer-
ation induced by IL-27. Human naive but not memoryand then dropped back to background level after 24
hr. A transient expression was also observed for p28, T cells proliferate dose dependently in response to IL-
27 (Figure 4A). In a similar experiment, mouse naive Talthough maximal message levels were already found
after 3–6 hr. Similar to IL-12, mRNA levels for p28 de- cells (CD4CD45RBhigh) and memory/activated T cells
(CD4CD45RBlow) were stimulated with anti-CD3 mAb/clined to background levels after 24 hr. In contrast, EBI3
showed less transient expression although its transcrip- anti-CD28 mAb for 4 days in the presence of anti-IL-2
mAb, and mIL-27 was titrated into the cultures. Again,tion was induced as early as 3 hr after LPS stimulation.
Reaching maximal EBI3 mRNA levels between 12 and IL-27 triggered proliferation of naive but not memory T
cells in a dose-dependent manner (Figure 4B). In the24 hr, EBI3 message was still above nonstimulated
background levels after 72 hr. The variation in p28/EBI3 presence of anti-CD28 mAb, IL-12 did not enhance pro-
liferation in response to IL-27 any further. However, inlevels between donors is much larger than that observed
for p35/p40, suggesting that regulation of IL-27 possibly the absence of costimulation via anti-CD28, IL-27-driven
proliferation of naive T cells was profoundly enhancedis less stringent than that of IL-12.
In order to detect IL-27 protein in the supernatant of by IL-12, revealing synergy between IL-27 and IL-12
(data not shown). Thus, IL-27-dependent proliferationactivated DCs, a sandwich-ELISA was set up with a pair
of anti-hIL-27 mAbs obtained from immunization of rats can be enhanced by costimulatory signals through ei-
ther CD28 or the IL-12 receptors. IL-27-induced prolifer-with the recombinant protein. This pair of anti-hIL-27
mAbs detects hIL-27 to a concentration of 600 pg/ml ation is dependent on simultaneous crosslinking of CD3/
TCR, since no proliferation was observed in the absencebut does not detect free hEBI3 (Figure 3D). Using this
Figure 3. Distribution of p28 and EBI3 in Tissues and Cell Types and Detection of hIL-27 Protein
(A and B) Real-time quantitative PCR was performed for p28 and EBI3 on various human (A) and mouse (B) cDNA libraries. Human cDNA
libraries index (top to bottom): various fetal tissues; term placenta week 28; endothelial cells (EC) activated and resting; monocyte-derived
dendritic cells (DC) activated with LPS and resting; monocytes activated with LPS and/or IFN- for various times and in the presence and
absence of IL-10 or anti-IL-10; hematopoietic precursor TF1; natural killer cells activated and resting; B cell lines activated and resting;
splenocytes activated and resting; T cell subsets activated and resting; peripheral blood mononuclear cells activated and resting. Mouse
cDNA libraries index (top to bottom): various tissues; endothelial cells activated and resting; J774 macrophage cell line activated with LPS
and resting; peritoneal macrophages; macrophages from bone marrow activated with LPS and resting; dendritic cells from bone marrow
activated and resting; B cells; Mel14 T cell subsets; L-fibroblasts.
(C) Quantitative PCR analysis of p28, EBI3, IL-12p35, and IL-12p40 mRNA levels from activated human dendritic cells. Monocyte-derived
dendritic cells from two donors were stimulated with LPS for various time intervals. RNA was isolated and the samples were analyzed by
real-time quantitative PCR (Donor 1, squares/dashed line; Donor 2, triangles/solid line).
(D) Standard curves recorded for purified recombinant hIL-27 (black circles) and hEBI3 (gray squares) by sandwich-ELISA. Every point is the
means of a triplicate experiment with standard errors. The means of a triplicate for a background control in the absence of recombinant
protein is also shown (black diamond).
(E) Monocyte-derived dendritic cells were obtained and cultured as described in Experimental Procedures; after 36 hr supernatants were
harvested, concentrated 4-fold, and put into the sandwich-ELISA. Every bar is the means of a triplicate experiment with standard errors.
Statistical significance of the signal measured in column two versus three was calculated by applying a two-tailed Student’s t test.
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of CD3 activation. The same maximal proliferative re-
sponse could be induced by stimulation with condi-
tioned medium of p28/EBI3 cotransfected cells (data
not shown). To compare the abilities of IL-27 and IL-12
to induce proliferation of naive CD4 T cells, FACS-
sorted mouse CD4CD45RBhigh T cells were precultured
with plate-bound anti-CD3 mAb, and either IL-27 or IL-
12 was titrated into the cultures. IL-27 proved to be a
much more potent proliferative stimulus for these cells
(Figure 4C).
IL-27 Synergizes with IL-12 to Produce IFN-
in Human and Mouse Naive T Cells
We measured the ability of human and mouse IL-27 to
induce the production of IFN- in the presence of a
neutralizing anti-IL-2 mAb, with costimulation via anti-
CD3 or anti-CD3/anti-CD28 and both in the absence and
presence of IL-12. In this assay, neither hIL-27 nor hIL-
12 by itself induced IFN- production in anti-CD3- or
anti-CD3/anti-CD28-activated CD4CD45RA T cells.
IFN- production was only observed in the presence of
both cytokines, indicating strong synergy between IL-
27 and IL-12 (Figure 5A). We have tested the possibility
that the observed increase in IFN- levels reflects a
downregulation of the IFN-Rs and thus decreased cy-
tokine uptake rather than increased cytokine produc-
tion. However, quantitative rt-PCR analysis showed that
mRNA levels for IFN-R1 and IFN-R2 remained un-
changed after IL-12 or IL-27 stimulation (data not
shown). Sorted mouse CD4CD45RBhigh naive T cells
were stimulated for 4 days with anti-CD3 mAb alone
or with anti-CD3 mAb/anti-CD28 mAb and saturating
amounts of IL-27 and IL-12. In the absence of anti-
CD28 costimulation, neither IL-27 nor IL-12 by itself was
capable of inducing substantial amounts of IFN- (Fig-
ure 5B). However, the combination of IL-27 and IL-12
induced up to about 300 ng/ml of IFN-. With anti-CD3/
anti-CD28 costimulation, IL-27 as well as IL-12 was ca-
pable of inducing IFN- production. The combination of
both factors led to an additive effect, with IFN- levels
up to 550 ng/ml.
IL-27 Enhances IFN- Production
in Human NK Cells
The synergistic activity of IL-27 and IL-12 on the produc-
tion of IFN- by activated naive T cells led us to investi-
gate the effects of IL-27 on NK cells. Highly purifiedFigure 4. IL-27 Induces Proliferation of Naive but Not Memory CD4
human NK cells were isolated from PBMC and culturedT Cells
in the presence of IL-2, IL-12, and IL-2 plus IL-12 in the(A) Sorted human CD4CD45RA (naive) and CD4CD45RO (memory)
absence or presence of IL-27. Low levels of IFN- wereT cells were cultured with plate-bound anti-CD3 mAb and soluble
anti-CD28 mAb, anti-IL-2, and anti-IL-2R mAbs in the absence or produced by NK cells cultured in the presence of IL-2
presence of IL-27. After 5 days, [3 H]TdR incorporation (cpm) was or IL-12, and these were not affected by addition of IL-
assessed to measure factor-dependent proliferation. Proliferative 27 (Figure 5C). However, IL-27 significantly increased
responses to anti-CD3 mAbs and anti-CD28 mAbs only are also
the production of IFN- when NK cells were cultured inindicated.
the presence of IL-2 and IL-12. Depending on the donor,(B) Sorted mouse CD4CD45RBhigh (naive) and CD4CD45RBlow
(memory) T cells were cultured with plate-bound anti-CD3 mAb and
in the presence of anti-CD28 mAb and a neutralizing anti-IL-2 mAb.
IL-27 was titrated into the cultures; control cells were cultured with-
out IL-27. After 5 days, [3H]TdR incorporation (counts per minute) mAb for 72 hr. Then, cells were stimulated with titrated amounts of
was assessed to measure factor-dependent proliferation. Prolifera- IL-27 or IL-12 for 24 hr, and [3H]TdR incorporation (counts per mi-
tive responses to anti-CD3 mAbs and anti-CD28 mAbs only are also nute) was assessed to measure factor-dependent proliferation. In
indicated. all cases, data shown are corrected for background [3H]TdR incor-
(C) Sorted mouse CD4CD45RBhigh T cells were cultured with plate- poration obtained in the absence of growth factor and are the mean
bound anti-CD3 mAb and in the presence of a neutralizing anti-IL-2 of three experiments with standard deviations as indicated.
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Figure 5. IL-27 Synergizes with IL-12 to In-
duce Th1 Polarization of Naive CD4 T Cells
(A) Sorted human CD4CD45RA T cells cul-
tured with plate-bound anti-CD3 mAb and a
neutralizing anti-IL-2 mAb. IL-27 and IL-12
were added as indicated in the absence
(black bars) or presence (gray bars) of anti-
CD28 mAb. IFN- production induced by the
respective factors was quantified by ELISA.
A representative out of three experiments is
shown.
(B) Sorted mouse CD4CD45RBhigh T cells
were cultured with plate-bound anti-CD3
mAb and a neutralizing anti-IL-2 mAb. IL-27
and IL-12 were added as indicated in the ab-
sence (black bars) or presence (gray bars) of
anti-CD28 mAb. IFN- production induced by
the respective factors was quantified by
ELISA. Data shown represent mean and stan-
dard deviation of two independent experi-
ments.
(C) IL-27 enhances IFN- production by NK
cells cultured with IL-2 and IL-12. FACS-puri-
fied NK Cells were cultured in medium, IL-2,
IL-12, or IL-2 and IL-12 in the absence or
presence of IL-27. Culture supernatants were
harvested after 72 hr, and IFN- production
was determined by ELISA (the given values
are concentrations of IFN- in ng/ml). Data
shown are from four different donors.
IL-27 increased the IFN- production 4- to 10-fold (Fig- retroviral constructs expressing either F-tagged human
or mouse WSX-1 (F-hWSX-1 or F-mWSX-1) showed cel-ure 5C). These results indicate that both activated (naive)
T cells and NK cells are responsive to IL-27 and enhance lular staining using anti-flag mAb (Figure 7A). Cells ex-
pressing F-hWSX-1 were then incubated with eitherIL-12-mediated IFN- production.
hEBI3-Ig alone or with coexpressed hp28-E and EBI3-
Ig. Heterodimeric p28/EBI3 bound to WSX-1 (Figure 7B);IL-27 Does Not Support Th2 Cytokine Production
EBI3-Ig itself showed no detectable binding. Similarly,by Activated T Cells
only the combination of mp28-E and mEBI3-Ig providedSorted mouse CD4CD45RBhigh T cells were cultured
a detectable interaction with mWSX-1-expressing Ba/with plate-bound anti-CD3 and anti-CD28 in the pres-
F3 cells, whereas the two individual proteins were notence of IL-4 and IL-27. Including IL-27 in the cultures
able to do so (Figure 7C). Incubation of independentlyled to a decreased IL-13 production both in the absence
expressed mp28-E and mEBI3-Ig with F-mWSX-1-and presence of IL-4 (Figure 6). Thus, while inducing a
expressing Ba/F3 cells also led to cellular staining (datastrong Th1 response, IL-27 does not appear to promote
not shown). Untransfected control cells were not stainedTh2 cytokine production.
by p28/EBI3. These results were confirmed by coimmu-
noprecipitation experiments using a soluble extracellu-IL-27 Binds to WSX-1/TCCR
lar form of hWSX-1 with a C-terminal RSGH6-tag (R).Because of the relationship between IL-27 and the IL-6/
Only when all three proteins were present (hp28-E,IL-12 family, we have concentrated our search for the
F-hEBI3, and shWSX-1-R), immunoprecipitation of oneIL-27 signaling receptors on this family. Members of this
protein brought down both other components indepen-family were introduced into Ba/F3 cells and tested for
dently of the immunoprecipitating antibody used (Figurebinding to p28/EBI3. Of the receptors tested, only Ba/F3
7D). The same coimmunoprecipitation experiment usingcells expressing the orphan cytokine receptor WSX-1/
the respective mouse orthologs had similar results (dataTCCR (Chen et al., 2000; Sprecher et al., 1998) showed
binding to tagged p28/EBI3. Ba/F3 cells infected with not shown). To address the question of whether WSX-1
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ciently (mouse p28) secreted on its own, as has been
described for IL-12p35 and IL-23p19 (Oppmann et al.,
2000; Trinchieri, 1995). Instead, secretion of p28 is de-
pendent on simultaneous expression of the soluble ac-
cessory receptor EBI3, functioning as cofactor to permit
secretion of the helical cytokine subunit as part of the
heterodimeric IL-27 complex. Quantitative PCR analysis
revealed that coexpression of p28 and EBI3 is restricted
to APCs. These cells are also the main source of IL-12
and IL-23 production, suggesting that IL-27 may have
similar T cell targets. In fact, IL-27 potently induced a
proliferative response on naive CD4 T cells but had
no effect on CD4 memory T cells. IL-27 also strongly
synergized with IL-12 to produce very high levels of
Figure 6. IL-27 Does Not Support Th2 Cytokine Production in Naive IFN- by activated naive T cells, setting the stage for
CD4 T Cells commitment to a Th1 phenotype. When combined with
Sorted mouse CD4CD45RBhigh T cells were cultured with plate- IL-4, IL-27, like IL-12 and IL-23, was unable to enhance
bound anti-CD3 mAb, anti-CD28 mAb, IL-27, and/or IL-4 as indi- Th2 polarization. The interrelationship between IL-27,
cated. IL-13 expression induced by the respective factors was quan-
IL-12, and IL-23 extends to the cellular receptors fortified by ELISA. Data shown represent mean and standard deviations
these molecules. WSX-1/TCCR, a thus far orphan recep-of three independent experiments.
tor, was identified as a component of the IL-27 receptor.
This receptor is most closely related to the IL-12 recep-
tors, and its gene is located on the same chromosomewas sufficient to mediate IL-27 signal transduction, we
as IL-12R1 (human chromosome 19).tested proliferation of Ba/F3 cells expressing human or
The p28 subunit of IL-27 aligns well with the IL-6/IL-mouse WSX-1. These cells proliferate in response to
12 family of long-chain four-helix bundle cytokines withIL-3 but did not proliferate in response to IL-27 (data
the exception of a unique stretch of 13 glutamic acidnot shown). Thus, WSX-1 appears to be required but
residues in both human and mouse p28, interruptednot sufficient for IL-27-mediated signal transduction.
by a DK-dipeptide in mouse p28. A similarly prominentSince receptors for IL-12, IL-23, and IL-27 are all related,
insertion of charged residues has not been observedit is likely that an additional IL-27R component resem-
in other cytokines. Its location in the proposed loopbles members of this family. Experiments using IL-
between helix C and D is unlikely to interfere with the12R1 and/or IL-12R2, in combination with WSX-1 in
overall helical fold of the protein or with the interactionBa/F3 cells, have indicated that these proteins are not
of the protein with its cellular receptor(s), which for thispart of the IL-27 receptor complex (data not shown).
family primarily takes place via residues in the A and DThe identification of additional IL-27 signal-transducing
helices (Bazan, 1990).receptor subunits is currently in progress.
The discovery of IL-27 with an apparent biologic pro-
file similar to that of IL-12 raises the question of what
Discussion
possibly differentiates these two factors. IL-12 is a domi-
nant factor produced early on by phagocytic cells in
In this study, we describe the discovery and the initial response to bacteria and intracellular parasites (Gately
biological characterization of IL-27, a heterodimeric cy- et al., 1998; Trinchieri, 1998). Once produced in response
tokine composed of a newly identified helical subunit to infection, IL-12 is thought to act first on NK cells and
termed p28 and the soluble cytokine receptor EBI3. Ex- T cells to induce the production of IFN-. This sets off
pression of IL-27 appears restricted to antigen-present- a cascade of events ultimately leading to optimal IFN-
ing cells. This led us to suspect T cells of being a poten- production and to proliferation of fully differentiated Th1
tial target of IL-27. We report here that human and mouse cells in response to antigen (Trinchieri, 1998). The early
IL-27 potently induces the proliferation of naive T cells and potent responses we observed with IL-27 on naive
(CD4CD45RA and CD4CD45Rbhigh, respectively) but CD4 T cells led us to investigate the kinetics of LPS-
not memory T cells. The proliferative response is depen- induced expression of p28, EBI3, and the two IL-12
dent on TCR/CD3 activation and can be enhanced by subunits by APCs to possibly obtain some insight into
costimulatory signals, either CD28 or IL-12. IL-27 also the physiological roles of these molecules. Consistent
synergizes with IL-12 to trigger IFN-production of naive with previous reports (Hashimoto et al., 2000), expres-
CD4 T cells, driving these cells to a Th1 phenotype. sion kinetics for IL-12p35 and IL-12p40 are transient
These biologic effects are likely mediated via the recep- and superimposable; both subunits show LPS-inducible
tor WSX-1/TCCR, although additional receptor compo- expression with highest levels between 8 and 14 hr. After
nents appear to be necessary. 24 hr, expression has almost declined to background
IL-27 is in many aspects closely tied to two other levels. The p28 gene is also transiently induced by LPS
cytokines, IL-12 and IL-23. All three cytokines are het- but appears to be upregulated more quickly than IL-
erodimers that consist of related helical subunits 12. With EBI3 being rapidly upregulated as well, IL-27
(IL-12p35, IL-23p19, and IL-27p28) and related soluble appears to be present at an earlier time after APC stimu-
cytokine receptor subunits (IL-12p40, IL-23p40, and IL- lation. Thus, it is conceivable that the physiological role
27EBI3). In addition to the structural similarity, the p28 of p28/EBI3 precedes the actions of IL-12. The extended
presence of EBI3 mRNA might point to additional p28-subunit of IL-27 either is not (human p28) or is ineffi-
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Figure 7. The p28/EBI3 Complex Binds to WSX-1
Ba/F3 cells were stably transfected with cDNAs encoding either F-hWSX-1 or F-mWSX-1 or left untransfected.
(A) Cell surface expression of F-hWSX-1 and F-mWSX-1. Light gray peaks represent cell-associated fluorescence after isotype control mAb 
PE; open peaks with the black dotted line represent F  PE.
(B) Untransfected Ba/F3 cells or Ba/F3 cells expressing F-hWSX-1 were incubated with the supernatants of transiently transfected HEK293T
cells containing hEBI3-Ig or coexpressed hp28-E/hEBI3-Ig proteins, as indicated. Light gray peaks represent cell-associated fluorescence
after isotype control mAb  PE; open peaks with the dark gray line represent Ig  PE; open peaks with the black line represent E  PE.
(C) Untransfected Ba/F3 cells or Ba/F3 cells expressing F-mWSX-1 were incubated with the supernatants of transiently transfected HEK293T
cells containing mEBI3-Ig, mp28-E, or coexpressed mp28-E/mEBI3-Ig proteins, as indicated. Light gray peaks represent cell-associated
fluorescence after isotype control mAb  PE; open peaks with the dark gray line represent Ig  PE; open peaks with the black line represent
E  PE.
(D) Coimmunoprecipitation of the ternary complex hp28/hEBI3/shWSX-1. Supernatants of transiently transfected HEK293T cells containing
either F-hEBI3 or coexpressed hp28-E/F-hEBI3 were combined with supernatants containing shWSX-1-R as indicated, and immunoprecipita-
tions were performed using mAbs against the three different epitope tags. Precipitated proteins were separated by SDS-PAGE, electroblotted,
and visualized by Western blot/ECL.
independent functions of this protein at the later stages Moreover, these mice displayed markedly reduced lev-
els of antigen-specific IgG2a antibodies, which are de-of an immune response.
We identified the orphan WSX-1/TCCR as a subunit pendent on Th1 cells. IL-12 signaling in these mice was
normal. These findings strongly support our identifica-of the IL-27 receptor. It is expressed in adult lymphoid
tissues including PBLs, thymus, and spleen. Within the tion of IL-27 as a ligand for WSX-1/TCCR with biologic
activity on naive CD4T cells leading to proliferation andlymphoid compartment, highest expression has been
observed on CD4 T cells and NK cells. Expression production of IFN-. In a second study using receptor-
deficient mice, WSX-1/TCCR was found to be essentialappears to be downregulated upon differentiation of
naive CD4 T cells (Chen et al., 2000). WSX-1/TCCR- for the initiation phase of Th1 responses but was dis-
pensable for their maintenance (Yoshida et al., 2001).deficient mice were recently reported to have impaired
Th1 responses when challenged in vivo with either pro- This second study, combined with the notion that WSX-
1/TCCR expression is downregulated upon polarizationtein antigen or the intracellular pathogen Listeria mono-
cytogenes as measured by the production of IFN-. of naive T cells to fully committed Th1 cells, strongly
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Experimental Proceduressupports our finding that IL-27 is an early product of
pathogen- or LPS-stimulated APCs and elicits a potent
Identification of Human and Mouse IL-27response on naive T cells independently of IL-12. We
A structural alignment of available IL-6 family cytokine folds from
do not yet know if IL-27, in fact, might be required to FSSP (Holm and Sander, 1998) was profile aligned to other se-
sensitize naive T cells to IL-12 or whether the initial IFN- quences (including distant species variants, GPA and viral IL-6’s)
with ClustalX (Thompson et al., 1997) with some manual adjustment.production by IL-27 responsive naive T cells and NK
A weighted profile (Thompson et al., 1994) of the most conservedcells is necessary to enhance the production of IL-12
region of the fold, the C-terminal D-helix segment, was created.by APCs. Interestingly, the role of IL-12 as a key determi-
Fast scans of sequence databases on a Bioccelerator machine
nant of Th1 subset selection was recently challenged (Compugen, Tel Aviv, Israel) with the Profilesearch program (Grib-
when it was found that an effective in vivo Th1 response skov et al., 1987) identified human EST AI085007 and mouse EST
AA266872 which—in combination with genomic sequence—weremediating host resistance to infection can be induced
used for the computational reconstruction of the human and mousein the absence of IL-12 (and IL-23) (Jankovic et al., 2002).
p28 sequences and the cloning of the full-length cDNAs.Based on our findings, it is likely that the IFN- CD4
T cells and IFN- producing NK cells that emerge in
Construction of Transient Expression Vectorsresponse to intracellular pathogens in IL-12-deficient
For P28, cDNAs encoding full-length human and mouse p28 wereanimals are the result of the action of IL-27 functioning
cloned into the pCDM8-etag vector via HindIII/XhoI (h/mp28-E). Forindependently of IL-12. Studies are in progress.
EBI3, human and mouse EBI3 were cloned into pME18S-Ig vector
The EBI3 subunit of IL-27 was originally identified as via EcoRI/XhoI (h/mEBI3-Ig) and the mature portion of human EBI3
a homolog of IL-12 p40, expressed by EBV-transformed into pFlagCMV-1 vector via HindIII/NotI (F-hEBI3). For one-chain
fusions EBI3/p28, HindIII/XbaI fragments were generated encodingB cells (Devergne et al., 1996). EBI3 has been reported
the mature part of human or mouse EBI3, followed by the syntheticto associate with the p35 subunit of IL-12, but the func-
linker GSGSGGSGGSGSGKL and by the mature coding sequencetional significance of this interaction is not clear (Dev-
of human or mouse p28 via HindIII/NotI. Fragments were inserted
ergne et al., 1997). In vivo, EBI3 is expressed in spleen into pFLAG-CMV-1 using HindIII/NotI sites. For WSX-1, the prepro-
and tonsils and at very high levels in term placenta. trypsin leader peptide and the flagtag encoding part of pFlagCMV-1
Immunohistochemical analysis has revealed that EBI3 is vector were deleted by PCR, instead a C-terminal RGSH6-tag was
introduced via SalI/SmaI (pCMV-1-RGSH6); the cDNA encoding theexpressed throughout pregnancy only by differentiated
extracellular part of human WSX-1 was cloned into this vector viafetal trophoblasts that are in direct contact with maternal
HindIII/SalI (soluble hWSX-1-R). Proteins were produced via tran-blood and maternal uterine NK cells (Devergne et al.,
sient expression in HEK293T cells. For experiments requiring pure
2001). Very high levels of EBI3 were found in peripheral proteins, purification was performed by affinity chromatography.
blood from pregnant women, reaching levels of up to
400 ng/ml at full-term normal pregnancies. Only EBI3
Transient Transfection, Metabolic Labeling,was detected but not, e.g., IL-12p40. A dimeric form of
and Immunoprecipitation
the IL-12p40 subunit has been reported to antagonize 106 HEK293T cells were transiently transfected, cultured, and meta-
IL-12 by competing for the IL-12R (Ling et al., 1995). bolically labeled as described (Oppmann et al., 2000). Proteins were
precipitated from supernatants or cell lysates with either anti-FlagLikewise, EBI3 might compete for the IL-27R, thereby
M2 agarose (Sigma), with anti-etag mAb bound to protein G Sepha-dampening a systemic inflammatory response during
rose (Amersham Pharmacia), or with protein G Sepharose only.normal pregnancy. Similarly, the excess latent EBI3 pro-
duced by APCs might function to prevent any further IL-
Retroviral Constructs27 stimulation of naive T cells after the initial response.
The mature part of human and mouse WSX-1 was cloned into pMXThe discovery of IL-27 extends the number of factors
vector via HindIII/NotI, and then a sequence encoding the prepro-that drive naive T cells to committed memory Th1 cells to
trypsin leader peptide fused to a flag epitope was cloned into the
three. Whereas our finding that IL-27 promotes vigorous vector in frame and 5 of WSX-1 via BamHI/HindIII (F-h/mWSX-1).
growth of activated naive T cells suggests that IL-27 Retrovirus obtained by transfection of BOSC23 cells was used to
infect parental Ba/F3 cells, and cell surface expression of the desiredplays a role in the rapid initiation of a response to an
proteins was monitored using a flag-PE-staining in FACS.inflammatory challenge, it appears to be unnecessary
for its maintenance. IL-12, on the other hand, plays an
important role in both primary and recall responses but Cell Surface Ligand Binding Assay
Parental Ba/F3 cells and Ba/F3 cells expressing human or mouserequires upregulation of IL-12R2 on naive T cells. Fi-
F-WSX-1 were incubated with the supernatants from transientlynally, IL-23 does not affect naive T cells. Instead it acts
transfected HEK293T cells containing human or mouse p28-E and/on the memory T cell compartment. We propose that
or EBI3-Ig for 2 hr. Binding of p28-E and EBI3-Ig to the cell surface
these three factors act sequentially and at different was monitored by FACS using tag-specific antibodies. Control
stages of T cell costimulation. Although some functional stains were performed using isotype control primary antibodies.
overlap may exist, in particular between IL-27 and IL-
12 as well as IL-12 and IL-23, indications are that these
Coimmunoprecipitation Experiments
three cytokines are not redundant but instead have Proteins from supernatants of transiently transfected HEK293T cells
unique functions at specific times during the development containing F-hEBI3 or coexpressed hp28-E/F-hEBI3 were pulled
down using either Flag M2-agarose, protein G Sepharose-coupledof a pathogen-induced immune response. Contributions
anti-etag mAb, or protein G Sepharose-coupled anti-H5 mAb. Theof all three factors might be critical in successfully resolv-
primary pricipitates were washed and then incubated with HEK293Ting an immunological challenge. This fine-tuning of the
cell supernatants containing shWSX-1-R. Secondary precipitates
response might offer new therapeutic opportunities for were separated by SDS-PAGE and subjected to Western blot. Pre-
intervention at different stages of Th1-mediated path- cipitated proteins were visualized by ECL using antibodies against
the respective protein tags.ologies.
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Quantitation of mRNA Expression (7000 rad) L cells expressing CD40 ligand in the absence or presence
of LPS (1g/ml) and IFN- (100 U/ml).cDNAs from various libraries or cultured macrophages and dendritic
cells were prepared as described (Bolin et al., 1997) and used as
templates for quantitative PCR. Fifty nanograms cDNA was analyzed Detection of hIL-27 by Sandwich-ELISA
for expression of human and mouse p28 and EBI3 by the fluorogenic A pair of mAbs (19E5 and 7E5, both at 2.5 g/ml) obtained from
5-nuclease PCR assay (Holland et al., 1991) using the ABI Prism immunizing rats with recombinant hIL-27 was used for a sandwich-
7700 Sequence Detection System (Perkin-Elmer). Analysis of cDNA ELISA to detect hIL-27. 19E5 was used for coating; 7E5 was biotinyl-
samples was corrected for expression of 18S rRNA using a VIC- ated and used for detection. Standard curves using purified recom-
labeled probe (Perkin-Elmer, Foster City, CA) in multiplex reactions. binant hIL-27 or hEBI3 were generated. Cellular supernatants from
The following primers were used. hEBI-3: f, CCGAGCCAGGTACTA DCs were harvested after 36 hr of stimulation, and 4-fold concen-
CGTCC; r, CCAGTCACTCAGTTCCCCGT; probe, 6FAM-TGGCGGC trated samples of 0.1 ml were loaded.
TCAGGACCTCACAGA-TAMRA. mEBI3: f, ACCCATTGAAGCCACGA
CTT; r, AGTATTGCATCCAGGTGTCAGCT; probe, 6FAM-TCACCC Isolation and Culture of Human NK Cells
TCAGGAACTCGAAACCCCA-TAMRA. hp28: f, GCGGAATCTCACC NK cells were isolated from human PBMC by removal of adherent
TGCCA; r, GGAAACATCAGGGAGCTGCTC; probe, 6FAM-AGTGAA cells, positive selection on CD56 MicroBeads (Miltenyi, Auburn, CA),
CCTGTACCTCCTGCCCCTGG-TAMRA. mp28: f, GGCCATGAGGC and FACS sorting of the CD56CD3 cells, resulting in 99% purity.
TGGATCTC; r, AACATTTGAATCCTGCAGCCA; probe, 6FAM-TGCA NK cells were cultured at a density of 1  105 cells/well in Yssel’s
CAGGCACCTCCGCTTTCAG-TAMRA. Primers for hIL-12p35 and medium supplemented with 1% human AB serum in the presence
hIL-12p40 were obtained form Perkin Elmer as predeveloped assay of IL-2 (100 U/ml, R&D), IL-12 (2 ng/ml, R&D), and/or IL-27 (100 ng/
reagents. ml). Culture supernatants were harvested after 72 hr, and IFN-
production was determined by ELISA (Pharmingen).
Mouse T Cell Proliferation Assay and IFN- Production
CD4CD45RBhigh or CD4CD45RBlow T cell subsets were purified Acknowledgments
from the spleen and mesenteric lymph nodes of 6 month-old IL-
10	/	 C57/B6 N12 mice as described (Davidson et al., 1998). Cells The authors thank Neerja Tiwary, Madaline Chirica, Komal Singh,
were fractionated into CD4CD45RBhigh and CD4CD45RBlow cell Christi Parham, and Kevin Moore for technical support, and Odile
populations by two-color sorting on a FACSVantage SE (BD). The Devergne for discussions. DNAX is supported by Schering-Plough.
populations were 99% pure upon reanalysis. CD4CD45RBhigh or
CD4CD45RBlow were put into a proliferation assay with plate-bound Received: December 5, 2001
anti-CD3 (145.2C11, in house) stimulation as described (Davidson Revised: May 3, 2002
et al., 1998). Additions to the growth media were anti-IL-2 mAb
(JES6-1A12, in house, 10 g/ml), anti-CD28 (in house,10 g/ml), and References
cytokines as indicated. Cells were incubated for 5 days (37
C, 5%
CO2) with [3H]TdR (Amersham) added at a final concentration of 1 Anderson, R., Macdonald, I., Corbett, T., Hacking, G., Lowdell, M.W.,
Ci/well for the last 24 hr of incubation. and Prentice, H.G. (1997). Construction and biological characteriza-
Sorted mouse CD4CD45RBhigh T cells were cultured with plate- tion of an interleukin-12 fusion protein (Flexi-12): delivery to acute
bound anti-CD3 mAb. IL-27 (50 g/ml) and IL-12 (50 g/ml) were myeloid leukemic blasts using adeno-associated virus. Hum. Gene
added in the absence or presence of anti-CD28 mAb (10 g/ml). Ther. 8, 1125–1135.
After 4 days, IFN- production induced by the respective factors
Bazan, J.F. (1990). Haemopoietic receptors and helical cytokines.was quantified by ELISA.
Immunol. Today 11, 350–354.
Bolin, L.M., McNeil, T., Lucian, L.A., DeVaux, B., Franz-Bacon, K.,IL-13 Production Assay on Mouse T Cells
Gorman, D.M., Zurawski, S., Murray, R., and McClanahan, T.K.Sorted mouse CD4CD45RBhigh T cells were cultured with plate-
(1997). HNMP-1: a novel hematopoietic and neural membrane pro-bound anti-CD3 mAb, anti-CD28 mAb (10 g/ml), IL-27 (10 g/ml),
tein differentially regulated in neural development and injury. J. Neu-and/or IL-4 (10 g/ml) as indicated. After 4 days, IL-13 expression
rosci. 17, 5493–5502.induced by the respective factors was quantified by ELISA (R&D).
Chen, Q., Ghilardi, N., Wang, H., Baker, T., Xie, M.H., Gurney, A.,
Grewal, I.S., and de Sauvage, F.J. (2000). Development of Th1-typeHuman CD45RA/CD45RO T Cell Proliferation
immune responses requires the type I cytokine receptor TCCR. Na-and IFN- Production
ture 407, 916–920.FACS-purified CD45RA and CD45RO T cells (purity  99%) were
Davidson, N.J., Hudak, S.A., Lesley, R.E., Menon, S., Leach, M.W.,cultured at a density of 4  104 cells/well in a 96-well plate coated
and Rennick, D.M. (1998). IL-12, but not IFN-gamma, plays a majorwith anti-CD3 antibody (WT-31, in house, 10 g/ml) and soluble
role in sustaining the chronic phase of colitis in IL-10 deficient mice.anti-CD28 (BD, 1 g/ml) with or without IL-27. Anti-hIL-2 mAb
J. Immunol. 161, 3143–3149.(17H12) and anti-hIL-2R mAb (B-B10), both from Diaclone, were
added (10 g/ml each). Cells were incubated for 5 days and then Devergne, O., Hummel, M., Koeppen, H., Le Beau, M.M., Nathanson,
pulse labeled with [3H]TdR (Amersham) for 8 hr. E.C., Kieff, E., and Birkenbach, M. (1996). A novel interleukin-12
Sorted human CD4CD45RA T cells cultured with plate-bound p40-related protein induced by latent Epstein-Barr virus infection
anti-CD3 mAb. IL-27 (100 ng/ml) and IL-12 (2 ng/ml) were added in in B lymphocytes. J. Virol. 70, 1143–1153.
the absence or presence of anti-CD28 mAb (1 g/ml). After 4 days, Devergne, O., Birkenbach, M., and Kieff, E. (1997). Epstein-Barr
IFN- production induced was quantified by ELISA (Pharmingen). virus-induced gene 3 and the p35 subunit of interleukin 12 form a
novel heterodimeric hematopoietin. Proc. Natl. Acad. Sci. USA 94,
Isolation and Culture of Human Monocytes 12041–12046.
Monocytes were isolated from human peripheral blood as described
Devergne, O., Coulomb-L’Hermine, A., Capel, F., Moussa, M., and
(Sallusto and Lanzavecchia, 1994; Grouard et al., 1997). Total
Capron, F. (2001). Expression of Epstein-Barr virus-induced gene
PBMCs were centrifuged on 52% Percoll (Amersham Pharmacia
3, an interleukin-12 p40-related molecule, throughout human preg-
Biotech). The low-density cells were stained, and CD14CD11c
nancy. Am. J. Pathol. 159, 1763–1776.
cells were isolated by cell sorting, purity 98%. Monocytes were
Elson, G.C., Lelievre, E., Guillet, C., Chevalier, S., Plun-Favreau, H.,cultured for 6 days in RPMI 1640, 10% FCS, 2 mM L-glutamine,
Froger, J., Suard, I., de Coignac, A.B., Delneste, Y., Bonnefoy, J.Y., et10mM HEPES, and 1mM sodium pyruvate/penicillin G/streptomycin
al. (2000). CLF associates with CLC to form a functional heteromericin the presence of 100 ng/ml GM-CSF and 200 U/ml IL-4 (both
ligand for the CNTF receptor complex. Nat. Neurosci. 3, 867–872.Schering-Plough). The resulting monocyte-derived immature DCs
were washed and cultured with 1 g/ml LPS from E. coli (Sigma) at Fischer, M., Goldschmitt, J., Peschel, C., Brakenhoff, J.P., Kallen,
K.J., Wollmer, A., Grotzinger, J., and Rose-John, S. (1997). A bioac-3–5 105 cells/ml. Alternatively, DCs were cocultured with irradiated
Immunity
790
tive designer cytokine for human hematopoietic progenitor cell immunoregulatory functions that bridge innate resistance and anti-
gen-specific adaptive immunity. Annu. Rev. Immunol. 13, 251–276.expansion. Nat. Biotechnol. 69, 139–144.
Trinchieri, G. (1998). Interleukin-12: a cytokine at the interface ofGately, M.K., Renzetti, L.M., Magram, J., Stern, A.S., Adorini, L.,
inflammation and immunity. Adv. Immunol. 70, 83–243.Gubler, U., and Presky, D.H. (1998). The interleukin-12/interleukin-
12-receptor system: role in normal and pathologic immune re- Wolf, S.F., Temple, P.A., Kobayashi, M., Young, D., Dicig, M., Lowe,
sponses. Annu. Rev. Immunol. 16, 495–521. L., Dzialo, R., Fitz, L., Ferenz, C., Hewick, R.M., et al. (1991). Cloning
of cDNA for natural killer cell stimulatory factor, a heterodimericGribskov, M., McLachlan, A.D., and Eisenberg, D. (1987). Profile
cytokine with multiple biologic effects on T and natural killer cells.analysis: detection of distantly related proteins. Proc. Natl. Acad.
J. Immunol. 146, 3074–3081.Sci. USA 84, 4355–4358.
Yoshida, H., Hamano, S., Senaldi, G., Covey, T., Faggioni, R., Mu,Grouard, G., Rissoan, M.C., Filgueira, L., Durand, I., Banchereau, J.,
S., Xia, M., Wakeham, A.C., Nishina, H., Potter, J., et al. (2001).and Liu, Y.J. (1997). The enigmatic plasmacytoid T cells develop
WSX-1 is required for the initiation of Th1 responses and resistanceinto dendritic cells with interleukin (IL)-3 and CD40-ligand. J. Exp.
to L. major infection. Immunity 15, 569–578.Med. 185, 1101–1111.
Gubler, U., Chua, A.O., Schoenhaut, D.S., Dwyer, C.M., McComas,
W., Motyka, R., Nabavi, N., Wolitzky, A.G., Quinn, P.M., Familletti,
P.C., et al. (1991). Coexpression of two distinct genes is required
to generate secreted bioactive cytotoxic lymphocyte maturation
factor. Proc. Natl. Acad. Sci. USA 88, 4143–4147.
Hashimoto, S.I., Suzuki, T., Nagai, S., Yamashita, T., Toyoda, N.,
and Matsushima, K. (2000). Identification of genes specifically ex-
pressed in human activated and mature dendritic cells through serial
analysis of gene expression. Blood 96, 2206–2214.
Holland, P.M., Abramson, R.D., Watson, R., and Gelfand, D.H. (1991).
Detection of specific polymerase chain reaction product by utilizing
the 5-3 exonuclease activity of Thermus aquaticus DNA polymer-
ase. Proc. Natl. Acad. Sci. USA 88, 7276–7280.
Holm, L., and Sander, C. (1998). Touring protein fold space with
Dali/FSSP. Nucleic Acids Res. 26, 316–319.
Jankovic, D., Kullberg, M.C., Hieny, S., Caspar, P., Collazo, C.M.,
and Sher, A. (2002). In the absence of IL-12, CD4 T cell responses
to intracellular pathogens fail to default to a Th2 pattern and are
host protective in an IL-10	/	 setting. Immunity 16, 429–439.
Ling, P., Gately, M.K., Gubler, U., Stern, A.S., Lin, P., Hollfelder, K.,
Su, C., Pan, Y.C., and Hakimi, J. (1995). Human IL-12 p40 homodimer
binds to the IL-12 receptor but does not mediate biologic activity.
J. Immunol. 154, 116–127.
Mosmann, T.R., and Sad, S. (1996). The expanding universe of T-cell
subsets: Th1, Th2 and more. Immunol. Today 17, 138–146.
Oppmann, B., Lesley, R., Blom, B., Timans, J.C., Xu, Y., Hunte, B.,
Vega, F., Yu, N., Wang, J., Singh, K., et al. (2000). Novel p19 protein
engages IL-12p40 to form a cytokine, IL-23, with biological activities
similar as well as distinct from IL-12. Immunity 13, 715–725.
Robinson, D., Shibuya, K., Mui, A., Zonin, F., Murphy, E., Sana, T.,
Hartley, S.B., Menon, S., Kastelein, R., Bazan, F., and O’Garra, A.
(1997). IGIF does not drive Th1 development but synergizes with
IL-12 for interferon- production and activates IRAK and NFB.
Immunity 7, 571–581.
Rozwarski, D.A., Gronenborn, A.M., Clore, G.M., Bazan, J.F., Bohm,
A., Wlodawer, A., Hatada, M., and Karplus, P.A. (1994). Structural
comparisons among the short-chain helical cytokines. Structure 2,
159–173.
Sallusto, F., and Lanzavecchia, A. (1994). Efficient presentation of
soluble antigen by cultured human dendritic cells is maintained by
granulocyte/macrophage colony-stimulating factor plus interleukin
4 and downregulated by tumor necrosis factor alpha. J. Exp. Med.
179, 1109–1118.
Sprecher, C.A., Grant, F.J., Baumgartner, J.W., Presnell, S.R.,
Schrader, S.K., Yamagiwa, T., Whitmore, T.E., O’Hara, P.J., and
Foster, D.F. (1998). Cloning and characterization of a novel class I
cytokine receptor. Biochem. Biophys. Res. Commun. 246, 82–90.
Thompson, J.D., Higgins, D.G., and Gibson, T.J. (1994). CLUSTAL
W: improving the sensitivity of progressive multiple sequence align-
ment through sequence weighting, position-specific gap penalties
and weight matrix choice. Nucleic Acids Res. 22, 4673–4680.
Thompson, J.D., Gibson, T.J., Plewniak, F., Jeanmougin, F., and
Higgins, D.G. (1997). The CLUSTAL_X windows interface: flexible
strategies for multiple sequence alignment aided by quality analysis
tools. Nucleic Acids Res. 25, 4876–4882.
Trinchieri, G. (1995). Interleukin-12: a proinflammatory cytokine with
